Abstract-This paper addresses the problem of design of practical communication strategies for multi-antenna amplifyand-forward and decode-and-forward relay systems. We show that simple linear techniques at source and destination in conjunction with maximum ratio combining can provide an optimal transmission strategy in terms of received SNR without imposing a huge computational load over the relay node(s). Besides, the structure of precoding matrices are very similar at source and relay nodes, which reduces the complexity as all nodes can play the role of source and relay nodes without changing their transmission structure. Numerical results show that the proposed transmission and reception techniques can improve the received SNR, and hence enhance the ergodic capacity. Keywords-Cooperation, relay system, linear precoding, maximum ratio combining.
INTRODUCTION
Relay networking [2] - [5] is one of the frameworks in which the concept of cooperation [1] becomes meaningful. In these systems, a source node tries to send its corresponding information to the destination node with the help of one or a number of relay node(s). Cooperative relaying targets additional diversity and coding gain and provides additional level of reliability particularly when the forward link (channel between source and destination) is not reliable enough, i.e., forward channel is poorly conditioned.
While there is a vigorous body of work on the relay systems in which each individual terminal is equipped with single antenna, the case of multi-antenna nodes has not been studied extensively. [6] shows that the relay systems with MIMO capability offer a promising capacity and this capacity scales linearly with the number of antennas at source/destination and logarithmically with the number of relay nodes or antennas. [7] considers a similar case and proposes a cooperative beamforming approach that can achieve to the capacity of the network in the limit of large number of relay nodes. Another interesting setup can be fined in [8] where the authors elaborate the effect of relay-assisted transmission on the capacity of rank-deficient MIMO systems. Also, [9] derives upper-bound and lower-bound on ergodic capacity of a MIMO relay network and provides the conditions that these two bounds converge. Capacity analysis in [10] is also noteworthy.
While all the above results are attractive from a theoretical point of view, the need for practical transmission and reception schemes that can practically realize the ability of multi-antenna relay networks in providing higher capacity and performance compared to that of systems with single-antenna terminals is still pronounced. For example, [11] considers a specific linear filter design with different levels of channel state information at the relay link which is applicable to AF relay networks. Through out this paper we assume the source, destination and relay nodes are all equipped with multi-antennas. Our goal is to find optimal transmission and reception schemes for this setup while avoiding a huge complexity especially at relay node.
We show that a maximum ratio combining scheme at the receiver in conjunction with suitable linear precoding techniques at transmit and relay node can lead us to this end. Our study shows that the proposed scheme is optimal in term of received SNR (and capacity) while maintaining an acceptable computational load at all nodes. In addition, the technique can be applied to both AF and DF protocols with small modifications. This feature can facilitate switching between two protocols whenever necessary. On the other hand, structures of source and relay nodes are identical, enabling a node to play the role of the transmitter or relay in different time instants without the need of additional software or hardware overhead.
We further show that a generalized maximum ratio combiner (GMRC) at the destination is optimum for both AF and DF protocols in term of SNR. Furthermore, for DF protocol, the precoders at the source and relay nodes should send the information in the direction of the eigenvector associated strongest eigenvalues of the channel matrices. While it is straight forward to derive the structure of precoders in the case of DF protocol, the case of AF can not be elaborated easily. We instead propose a relay selection scheme that can result in the best possible receive SNR.
The rest of the paper is organized as follows. In Section II, we present the system model of the multi-antenna relay network. In Section III, maximum ratio combining schemes for different setups such as point-to-point MIMO, multipointto-point system, AF and DF relaying are studied. Section IV is allocated to the design of the precoders for transmit and relay nodes and in Section V numerical results are presented. Conclusions are given in Section VI.
II. SYSTEM MODEL We consider a simple relay system composed of one Mantenna source (transmit) node, one M-antenna relay node and one N-antenna destination (receive) node, operating in a halfduplex mode. We consider single symbol transmission in each time interval; however, it is not difficult to generalize the discussion to the case of multiple symbol transmission.
At a specific time instant, source node tends to transmit a symbol x of a pre-determined code book (or constellation) to the destination. It applied a precoding vector w 1 of size M×1 to this symbol and broadcast it to the destination as well as the relay node. The relay node receives it and in the next time slot based on the specific protocol (AF or DF), multiplies it by another precoding vector w 2 of the same size and resends this precoded version to the destination. Destination then combines the two received signals based on a maximum-ratio-combining strategy. Based on this, the received signal at the first time slot can be written as:
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where H 1 is the N×M forward channel matrix with normalized circularly symmetric Gaussian random entries, 1 γ is its corresponding SNR, y 1 and n 1 are the received and white Gaussian noise vectors of size N×1, respectively. In the second time slot, the received signal is:
where x is either a detected version of x at relay node for DF or
n for AF scenario. G is the M×M channel matrix between source and relay nodes, n is the M×1 noise vector at relay and G γ is its corresponding SNR. H 2 , 2 γ , y 2 and n 2 are defined similar to their equivalents in (1) . The destination combines these two signals using two weight vectors 1 w and 2 w to construct the received signal 
Maximizing SNR will minimize the probability of wrong decision over x. Also, we show that maximizing SNR in this scenario is equivalent to maximizing the instantaneous mutual information and ultimately the system capacity.
III. GENERALIZED MAXIMUM RATIO COMBINING (GMRC)
We start by maximum ratio combining in point-to-point MIMO systems and gradually generalized it to optimal combining scheme for MIMO cooperative relay systems.
A. point-to-point MIMO system:
Let consider a MIMO system with M transmit and N receive antennas in Figure 1(a) . The transmitted symbol x is precoded at transmitter by precoder w and the received vector is combined using vector w at the receiver. Therefore, the system model can be written as:
w Hw wn (5) where H, n and γ are similar to H 1 and n 1 in (1). The following Lemma shows that maximum ratio combining is optimum in the sense that it maximizes the received SNR and system capacity.
Lemma 1: The optimum combining scheme for the pointto-point precoded MIMO system whose model is stated in (5), is maximum ratio combining.
Proof: Writing the received SNR for the system described above, we get: 
From (5), one can directly conclude that to maximize SNR, the two vectors w and Hw should be in the same direction and hence one should select = w Hw . This is the case of maximum ratio combining. For this choice of w , SNR will be derived as SNR H H γ = w H Hw . Therefore, maximum ratio combining indeed maximizes the receive SNR in precoded MIMO systems. Also, writing the instantaneous mutual information between x and x will result in:
( ; ) log(1 SNR) log (1 ) H H I x x = + = +w H Hw (7) which is clearly the maximum that can be obtained in a precoded MIMO system given that a single stream is transmitted. Note that as Log is a convex function, maximizing SNR will ultimately result in maximizing mutual information. This completes the proof.
■ B. Multipoint-to-point MIMO system:
Now let consider the case when two transmitters send similar information to a receiver but in different time instant. Both transmitters are equipped with M antennas while receiver has N antennas. Figure 1(b) illustrates this scenario. It is similar to DF protocol assuming perfect information recovery at the relay node. The system model is the same as (1) and (2) except that x is replaced by x in (2).
Lemma 2: The optimum combining scheme for the multipoint-to-point precoded MIMO system described above is a generalized maximum ratio combining (GMRC) scheme in which 1 1 1 = w H w and 2 2 2 = w H w . Proof: Combining (1), (2) and (3), one can write a equivalent compound system equation for the above scenario as:
This is clearly a MIMO system with 2M transmit and 2N receive antennas. Because of Lemma 1, the optimum combining scheme for such a system is = w Hw in which:
Reorganizing the equations, one can derive: 
■
Note that there is a fundamental difference between MRC and GMRC as MRC just considers combining in space domain over elements of receive antennas while GMRC includes combining over both space and time.
In the case of hybrid DF protocol where the relay resends its information only when it can regenerate the information correctly, the result of Lemma 2 is still valid. In general DF protocol, the result should be modified as there is a possibility that the information coming from relay node is already inaccurate. In this case, destination should apply a higher weight on source and a lower weight on relay information.
For simplicity, let consider transmission of BPSK symbols. The result can be directly generalized to higher order constellations. In addition, let assume that the probability of wrong decision at relay is α. Lemma 3 specifies the structure of the combiner at the destination node. The idea is to reduce the weight of the signal in the second transmit interval as it may contain error and degrade the total received SNR at destination.
Lemma 3: The optimum combining vectors for DF transmission can be written as: 
where δ can be approximated as 1 2 δ α ≈ − when α is small. Proof: Let SNR 1 and SNR 2 represent the SNR corresponding to the cases of correct and wrong detection at the relay, respectively, i.e., 
From (13) and considering a system equation similar to (8) , one can easily find the corresponding equivalent system equation for this scenario can be written as:
where H is the channel matrix of the equivalent MIMO system and can be approximated as:
Therefore, like Lemma 2, the combining weight vectors can be written as (11) and this concludes Lemma 3.
Note that one can use other estimations to find coefficient δ or find the optimum weight ad-hoc. In general, the idea is to reduce the weight of the erroneous signal arrived from relay compared to the case when it does not have error.
C. AF relay-assisted MIMO system:
The difficulty with this scenario is that the noise in the second time slot is no longer white. In other word, based on (1) and (2), the system equation in this case can be rewritten as:
The difference between here and DF protocol is that W 2 is the M×M precoding matrix (instead of vector) at the relay node. Therefore, the SNR equation can not be written as (6) and Lemma 1 and 2 can not be directly applied. Instead, we can define a pre-whitening filter to make the noise in the second interval uncorrelated. Note that, this filter is just used in the second time interval.
Theorem 1: The optimum combining vectors for an AF relay-assisted MIMO system whose model is described by (17) can be written as:
and D U and applying it to the received signal in the second time slot will ensure us that the output noise is white. With that, one can apply the results of Lemma 2 directly to derive the structure of combining vectors. The system model can be considered as (15) with:
From (16) and (19), the structure of combining vectors in (17) will be directly concluded.
■
In other words, the optimum weight vector in the second time interval is a combination of an MRC vector and a prewhitening filter. Note also that, by applying pre-whitening filter, the output noise will be white and therefore one can apply (7) to calculate instantaneous mutual information. On the other hand, as the combining weight vectors in (17) maximize the SNR, these also maximize the instantaneous mutual information and ultimately the system capacity. The price to pay in this case is the added complexity of the destination node due to the addition of pre-whitening filter.
IV. PRECODING FOR RELAY-ASSISTED MIMO SYSTEMS
Our goal here is to investigate the design of precoding vectors, w 1 and w 2 , in (1) and (2) . We start by simple case of point-to-point MIMO transmission and then generalize the results to the case of relay-assisted MIMO systems. Figure 2 shows received SNR for different setups in Figure 1 . For the sake of comparison we also show the performance of precoding based on equal gain combining in point-to-point MIMO transmission. First, we observe that MRC-based precoding (case A) outperforms precoding with equal gain combining in term of received SNR by about 3 dB. On the other hand, in the case of multipoint-to-point transmission (case B), precoding based on MRC can provide an additional gain as compared to the case of point-to-point transmission. This is mainly due to the availability of an additional path between second transmit and receive node which provides a higher average SNR at the receiver (especially when the link from first transmitter to receive node is poor). Finally, we see that the relay-assisted amplify-andforward precoding system (case C) provides a received SNR comparable to that of ideal multipoint-to-point system. The slight decrease in the received SNR is due to the noise accumulation in the relay node. The same conclusion is also valid for the case of decode-and-forward system as there is a decrease in the received SNR due to the probability of wrong decision at the relay node. Figure 3 also shows that the average mutual information for all the above scenarios. The same conclusions can be drawn for averaged mutual information, i.e. relay assisted MIMO precoding can provide an average mutual information close to that in the case when two transmitters send identical information to the relay node.
VI. CONCLUSIONS
We studied optimal linear transmit and receive strategies for a variety of relay-assisted MIMO systems. It was demonstrated the optimal combining strategies for both DF and AF relaying protocols can be constructed based on the concept of MRC.
We first derived the optimal linear receive structure for these systems. Next, based on the structure of optimum receivers, we investigated the optimal linear precoding vectors for source and relay nodes. Our results, show that for the optimum receiver, the optimal transmit precoding strategy for DF protocol is to send the information in the direction of the eigenvectors of forward (H 1 ) and relay (H 2 ) channel matrices associated with strongest eigenvalues. This simple result is, however, not valid in the case of AF relaying protocol. Instead for AF protocol, we propose the use of relay selection scheme to facilitate the design of precoders at the source and relay nodes. Finally, different numerical examples proved that the proposed optimal transmission and reception techniques are indeed effective and provide a meaningful gain in term of received SNR and system capacity while maintaining the complexity very low due to linearity. 
